Current peatland models generally lack dynamic feedback between the plant community structure 15 and the environment, although the vegetation dynamics and ecosystem functioning are tightly 16 linked. Realistic projections of peatland response to climate change requires including vegetation 17 dynamics in ecosystem models. In peatlands, Sphagnum mosses are key engineers. The species 18 composition in a moss community varies primarily following habitat moisture conditions. Hence, 19 modelling the mechanisms in controlling the habitat preference of Sphagna is a good first step for 20 modelling the community dynamics in peatlands. In this study, we developed the Peatland Moss 21 Simulator (PMS), a process-based model, for simulating community dynamics of the peatland 22 moss layer that results in habitat preferences of Sphagnum species along moisture gradients. PMS 23 employed an individual-based approach to describe the variation of functional traits among shoots 24 and the stochastic base of competition. At the shoot-level, growth and competition were driven by 25 net photosynthesis, which was regulated by hydrological processes via capitulum water retention.
requires models to quantify the interactions among ecohydrological, ecophysiological and 48 biogeochemical processes. These processes are known to be strongly regulated by vegetation the lateral water flows of the site are estimated using a machine-learning approach (Section 2.5). 146 Finally, Monte-Carlo simulation was used to support the analysis on the habitat preferences of 147 Sphagnum species and hypothesis tests (Section 2.6). (1) 163 where subscript 20 denotes the variable value measured at 20 °C; Rs is the mass-based respiration 164 rate (µmol g -1 s -1 ); Pm is the mass-based rate of maximal gross photosynthesis (µmol g -1 s -1 ); PPFD 165 is the photosynthetic photon flux density (µmol m -2 s -1 ); and αPPFD is the half-saturation point 166 (µmol m -2 s -1 ) for photosynthesis. 167 By adding multipliers for capitula water content (fW) and temperature (fT) to Eq. (1), the net 168 photosynthesis rate A (µmol m -2 s -1 ) was calculated as following: where Q10 is the sensitivity coefficient; T is the capitulum temperature (°C); Topt (20 °C) is the 176 reference temperature of respiration.
177
The response of A to Wcap (fW(Wcap), Eq. 2) was described as a second-order polynomial function 189 where MB is the immobilized NSC to biomass production during a time step (g); kimm is the specific 190 immobilization rate (g g -1 ); αimm is the temperature constant; simm is the multiplier for temperature 191 threshold, where simm = 1 when T > 5 ºC but simm = 0 if T ≤ 5 ºC. NSCmax is the maximal NSC concentration in Sphagnum biomass (Turetsky et al., 2008) . 193 The increase in shoot biomass drove the shoot elongation:
where Hc is the shoot height (cm); Hspc is the biomass density of Sphagnum stems (g m -2 cm -1 ) and 196 Sc is the area of a cell (m 2 ). The threshold of height difference in rule i) was set equal to the mean diameter of capitula in 207 the source cell, based on the assumption that the shape of a capitulum was spherical. When shoots 208 spread, the species type and model parameters in the target grid cell were overwritten by those in 209 the source grid cell, assuming the mortality of shoots originally in the target cell. 
where rbulk,i is the bulk surface resistance of cell i, which is as a function (rbulk,i = fr(hi)) of grid-226 cell-based water potential hi, capitulum biomass (Bcap) and shoot density (DS) based on the 227 empirical measurements (Appendix B); Svi was the evaporative area, which was related to the 228 height differences among adjacent grid cells:
where lc is the width of a grid cell (cm); and subscript j denotes the four-nearest neighbouring grid 231 cells. In this way, changes in the height difference between the neighboring shoots feeds back to 232 affect the water conditions of the grid cells, via alteration of the evaporative surface area.
233
The grid cell-level changes in capitula water potential (hi) was driven by the balance between 234 the evaporation (Ei) and the capillary flow from the center of moss layer to capitula:
where hm is the water potential of the living moss layer, solved in Module III (Appendix A.); zm is 237 the thickness of the living moss layer (zm=5 cm); Km is the hydraulic conductivity of the moss layer 238 and that is set to be the same for each grid cell; Ci is the cell-level specific capacity of water Parameterization of morphological traits, net photosynthesis and capitulum water retention 255 We empirically quantified the morphological traits capitulum density (DS, shoots cm -2 ), biomass 256 of capitula (Bcap, g m -2 ), biomass density of living stems (Hspc, g cm -1 m -2 ), net photosynthesis 257 parameters (Pm20, Rs20 and αPPFD) and the water retention properties (i.e., fh(Wcap) and fr(h), Eqs. Table. 1. For each parameter, a random value 261 was initialized for each cell based on the measured means and SD, assuming the variation of 262 parameter values is normally distributed.
263
We noticed that the fitted fW(Wcap) was meaningful when Wcap < Wopt, which is the optimal water where Wmax is the maximum water content of capitula.
269
It is known that Wmax is around 25-30 g g -1 (e.g. Schipperges and Rydin, 1998), or about 0.31 - where Wmax is the maximum water content that set to 25 g g -1 ; θm is the volumetric water content 277 of moss layer; Hcap is the height of capitula and is set to 0.6 cm (Hájek and Beckett, 2008). Table. 2.
294
Calculation of snow dynamics 295 We introduced a snow-pack model, 2). We focused on parameters that closely linked to hydrology and growth calculations, but were 372 roughly parameterized (e.g. kimm, raero) or adopted as a prior from other studies (e.g. Ksat, α, n,
373
NSCmax; see Table. 2). One at a time, each parameter value was adjusted by +10 % or -10 %, and 374 species cover was simulated using the same runtime settings as Test 1 with 40 Monte-Carlo runs.
375
The simulated means of cover were then compared to those calculated without the parameter 376 adjustment. Test 1 showed the ability of model to capture the preference of S. magellanicum for the hummock 395 environment and S. fallax for the lawn environment ( Fig. 2A) . The simulated annual changes in 396 species covers were greater in lawn than in hummock habitats during the first 5 simulation years.
397
The changes in lawn habitats slowed down around year 10 and the cover of S. fallax plateaued at 420 3). Reducing the moss carpet and peat hydraulic parameter n had stronger impacts on S. fallax 421 cover in hummocks than in lawns. Nevertheless, changes in simulated cover that were caused by 422 parameter manipulations were generally smaller than the standard deviations of the means. In Tests 5 and 6, the species differences in the growth-related parameters were eliminated.
440
However, the model still predicted the dominances of S. fallax and S. magellanicum in lawn and 441 hummock habitats, respectively (Fig. 4) . The increase in the mean cover of S. magellanicum was 442 especially fast in hummock habitat in comparison to the results of the unchanged model from Test 443 1 ( Fig. 2A) . In lawns, the use of S. fallax growth parameters for both species gave stronger 444 competitiveness to S. magellanicum (Fig. 4B ) than using the S. magellanicum parameters ( (hummock) and wet (lawn) habitats in a poor fen peatland. We empirically showed that these two 463 species differed in characteristics that likely affect their competitiveness. The capitulum water 464 retention for the lawn-preferring species (S. fallax) was weaker than that for the hummock-465 preferring species (S. magellanicum). Compared to S. magellanicum, the capitula of S. fallax held 466 less water at saturation and water content decreased more rapidly with dropping water potential.
467
Hence, S. fallax would dry faster than S. magellanicum under the same rate of water loss.
468
Moreover, the water content in S. fallax capitula was less resistant to evaporation. These Table. 3. Results from the test addressing the robustness of the model to the uncertainties in a set 850 of parameters. Each parameter was increased or decreased by 10%. Model was run for S. Simulating the transport of water and heat in the peat profiles was based on Gong et al. (2012, 2013) . Here 858
we list the key algorithms and parameters. Ordinary differential equations governing the vertical transport 859 of water and heat in peat profiles were given as: 860
where t is the time step; z is the thickness of peat layer; h is the water potential; T is the temperature; Ch and 863
CT are the specific capacity of water (i.e. ∂θ/∂h) and heat; Kh and KT are the hydraulic conductivity and 864 thermal conductivity, respectively; and Sh and ST are the sink terms for water and energy, respectively. 865
CT and KT were calculated as the volume-weighted sums from components of water, ice and organic 866 matter: 867
where Cwater, Cice and Corg are the specific heats of water, ice and organic matter, respectively; Kwater, Kice 870
and Korg are the thermal conductivities of water, ice and organic matter, respectively; and θwater and θice are 871 the volumetric contents of water and ice, respectively. 872 For a given h, Ch=∂θ(h)/∂h was derived from the van Genuchten water retention model (van Genuchten, 873 1980) as: 874
where θs is the saturated water content; θr is the permanent wilting point water content; α is a scale parameter 876 inversely proportional to mean pore diameter; n is a shape parameter; and m=1-1/n. 877
Hydraulic conductivity (Kh) in an unsaturated peat layer was calculated as a function of θ by combining 878 the van Genuchten model with the Mualem model (Mualem, 1976) : 879
where Ksat is the saturated hydraulic conductivity; Se is the saturation ratio and Se = (θ-θr )/(θs-θr); and Le is 881 the shape parameter (Le=0.5; Mualem, 1976) . irradiances at ground surface was regulated by the surface albedos for the shortwave (as) and longwave (al) 895
components, and the temperature of surface x (Tx) also affects net longwave radiation: 896
where Rsib, Rsid, Rli are the incoming beam, diffusive and longwave radiations; ε is the emissivity (ε = 1-900 al); δ is the Stefan Boltzmann's constant (5.67×10 -8 W m −2 K −4 ). 901
Rnx was partitioned into latent heat flux (λEx), sensible heat flux (Hx) and ground heat flux (for canopy 902 G1=0): 903
where Ts is the temperature of the moss carpet; z is the thickness of the moss layer (z = 5 cm). 906
The latent heat flux was calculated by the "interactive scheme" (Daamen and McNaughton, 2000; see 907
also in Gong et al., 2016), which is a K-theory-based, multi-source model: 908
where Δ is the slope of the saturated vapor pressure curve against air temperature; λ is the latent heat of 910
vaporization; E is the evaporation rate; VPDb is the vapor pressure deficit at zb; rb,x is the total resistance to 911 water vapor flow, the sum of boundary layer resistance (rsa,x) and surface resistance (rss); and A is the 912 available energy for evapotranspiration and Ax = Rnx -Gx. 913
The calculations of γ, λ and VPDb require the temperature (Tb) and vapor pressure (eb) at the mean source 914 height (zb). These variables were related to the total of latent heat (∑λEx) and sensible heat (∑Hx) from all 915 surfaces using the Penman-type equations: 916
where ρaCp is the volumetric specific heat of air; raero is the aerodynamic resistance between zb and the 919 
where the boundary-layer resistance for ground surface (rsa,1) and canopy (rsa,0) were calculated following 928 the approaches of Choudhury and Monteith (1988) . 929 930
Sink terms of transport functions for water and heat 931
The sink term Sh,i (see Eq. A11) for each soil layer i was calculated as: 932
where Ei is the evaporation loss of water from the layer; Pi is rainfall (Pi = 0 if the layer is not topmost, i.e. 934 i>1); Wmelt,i is the amount of melt water added to the layer; Ii is the net water inflow and was calibrated in 935
Section 2.5. 936
The value of Ei was calculated as: 937
where E0 and E1 are the evaporation rate from ground surface and canopy (Eq. A13); ftop is the location 939 multiplier for the topmost layer (ftop = 0 in cases i>1); and froot(i) is the fraction of fine-root biomass in layer 940
i. 941
The value of Wmelt,i was controlled by the freeze-thaw dynamics of soil water and snow pack, which were 942 related to the heat diffusion in soil profile (Eq. A2). We set the freezing point temperature to 0 ºC, and the 943 temperature of a soil layer was held constant (0 ºC) during freezing or melting. For the ith soil layer, the 944 sink term (ST) in heat transport equation (Eq. A2) was calculated as: 945
where CT,i is specific heat of soil layer (Eq. A13); Wphase is the water content for freezing (Wphase = θw) or 947 melting (Wphase = θice); λmelt is the latent heat of freezing; fphase is binarial coefficient that denotes the existence 948 of freezing or thawing. For each time step t, we computed Ti(t) with a piror assumption that ST,i=0. Then controlling mechanism for peatland moss community dynamics 954 955
Measurement of morphological traits 956
To quantify morphological traits, samples of S. fallax and S. magellanicum were collected at the end of 957
August 2016 with a core (size d 7cm, area 50 cm 2 , height at least 8 cm) maintaining the natural density of 958 the stand. Samples were stored in plastic bags at cool room (4 ºC) until measurements. Eight replicates were 959 collected for each species. For each sample, capitulum density (DS, shoots cm -2 ) was measured and ten moss 960
shoots were randomly selected and separated into capitula and stems (5 cm below capitula). The capitula 961
and stems were moistened and placed on top of a tissue paper for 2 minutes to extract free-moving water, 962 before weighing them for water-filled fresh weight. The samples were dried at 60 °C for at least 48h to 963 measure the dry masses. The field-water contents of capitula (Wcf, g g -1 ) and stems (Wsf, g g -1 ) were then 964 calculated as the ratio of water to dry mass for each sample. The biomass of capitula (Bcap, g m -2 ) and living 965 stems (Bst, g m -2 ) were calculated by multiplying the dry masses with the capitulum density (DS). Biomass 966 density of living stems (Hspc, g cm -1 m -2 ) was calculated by dividing Bst with the length of stems. 967
Measurement of photosynthetic traits 968
We measured the photosynthetic light response curves for S. fallax and S. magellanicum with fully 969 controlled, flow-through gas-exchange fluorescence measurement systems (GFS-3000, Walz, Germany; 970
Li-6400, Li-Cor, US) under varying light levels. In 2016, measurements on field-collected samples were 971 done during May and early June, which is a peak growth period for Sphagna (Korrensalo et al. 2017 ).
972
Samples were collected from the field site each morning and were measured the same day at Hyytiälä field 973 station. Samples were stored in plastic containers and moistened with peatland water to avoid changes in 974 plant status during the measurement. Right before the measurement we separated Sphagnum capitula from 975 their stems and dried them lightly using tissue paper before placing them in a custom-made cuvette 976 (Korrensalo et al. 2017 ). Net photosynthesis rate (A, µmol m -2 s -1 ) was measured at 1500, 250, 35, and 0 977 µmol m -2 s -1 photosynthetic photon flux density (PPFD). The samples were allowed to adjust to cuvette 978 conditions before the first measurement and after each change in the PPFD level until the CO2 rate had 979 reached a steady level, otherwise the cuvette conditions were kept constant (temperature 20°C, CO2 980 concentration 400 ppm, relative humidity of inflow air 60%, flow rate 500 umol s -1 and impeller at level 5).
981
The time required for a full measurement cycle varied between 60 and 120 minutes. Each sample was 982 weighed before and after the gas-exchange measurement, then dried at 40°C for 48 h to determine the 983 biomass of capitula (Bcap). For each species, four samples were measured as replicates and were made to fit 984 a hyperbolic light-saturation curve (Larcher, 2003) : where subscript 20 denotes the variable value measured at 20 °C; Rs is the mass-based dark respiration rate 987
(µmol g -1 s -1 ); Pm is the mass-based rate of maximal gross photosynthesis (µmol g -1 s -1 ); and αPPFD is the 988 half-saturation point (µmol m -2 s -1 ), i.e., PPFD level where half of Pm is reached. The measured 989 morphological and photosynthetic traits are listed in Table 1 . 990 Figure B1 . Conceptual schemes of (A) cuvette 
